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Real-time Tsunami Inundation Forecast
Takuya INOUE
Thanks to the recent development of a HPCI (High Performance Computing Infrastruc-
ture), it has become possible to conduct a real-time tsunami simulation with high-resolution
grids like those used in tsunami inundation mapping within 10 minutes after an earthquake
occurs. By obtaining detailed information regarding anticipated inundation zones and depth
on land in addition to a conventional forecast of tsunami height along the coast, we can ex-
pect that damage estimation and disaster responses will be managed much more efficiently.
In the literature, however, it had been shown that tsunami inundation only for a certain city
area with the coastline of 20 – 30 km can be evaluated in real-time. Considering the case of
2011 Tohoku-oki Earthquake and Tsunami, a massive tsunami will devastate lots of coastal
municipalities in wide areas. Consequently, it is indispensable to extend a forecast range
to a regional scale like the entire Nankai Trough region in order to genuinely put real-time
tsunami inundation forecasting into practice.
In this study, it is firstly examined whether a real-time tsunami inundation simulation
within 10 minutes on a regional scale can be implemented by using an existing tsunami
numerical model and a HPCI resource. As a tsunami numerical model, the world-renowned
TUNAMI (Tohoku University Numerical Analysis Model for Investigation of tsunamis) code
is adopted, and as a HPCI, SX-ACE, a vector supercomputer installed at Tohoku Univer-
iii
sity is utilized. As a result, it is shown that it takes three times as many computational
resources as all the SX-ACE at Tohoku University, and that a real-time tsunami simulation
is infeasible. Therefore, a new tsunami model with improved efficiency has been developed,
which extends the configuration of the grid system from conventional rectangular regions
to polygonal regions so that deployment of high-resolution grids can be confined to coastal
lowland. The polygonally nested grid system addresses two challenges in a wide-area sim-
ulation of tsunami inundation. The first challenge is that a large rectangular region could
include grids in high-elevation areas with scarce possibility of inundation. The second chal-
lenge is that grids in deep oceans could be also included, which requires an extremely small
step in time integration for stable computation. The polygonal system is able to decrease
unnecessary grids in overlapped regions and to avoid repetition of simulations for offshore
regions. Moreover, we can expect improved precision because a polygonal system can set no
region boundary near target areas of concern, and consequently, tsunami flow reflected from
region boundaries will not affect the evaluation.
Since the newly-developed model aims to facilitate damage estimation on land by way
of rapidly estimating tsunami inundation, it has been equipped with the extended functions
for the one-stop simulation from estimation of an initial tsunami distribution based on a
fault model, through simulations of tsunami propagation and inundation, and to damage
estimation based on a distribution of inundation depth and a fragility curve. The function
to estimate and set an astronomical tidal level specific to each target region based on the
occurrence time of an earthquake has been added because a tidal condition is also supposed
to have a substantial effect on behavior of tsunami inundation. Considering the usage of
an ever-improving HPCI, vectorization and MPI parallelization have also been conducted
in an optimized way. Moreover, the new model was verified through the comparison with
iv
simulation results by the conventional rectangular grid system, and validated through several
benchmark problems that the National Tsunami Hazard Mitigation Program organized by
federal agencies and states in the U.S. developed as the quality standards for simulating and
assessing tsunami hazard and risk.
Reproducibility of tsunami simulation depends not only on accuracy of tsunami numer-
ical model, but also on accuracy of a tsunami source model. It is a challenge of crucial
importance especially for real-time tsunami forecasting to obtain a reliable source model
within a short time period. Tsunami source models based on offshore tsunami observations
are regarded as most reliable, but it takes some time after an earthquake occurs to obtain
those data because tsunami waves propagate slower than seismic waves. Accordingly, this
study focuses on a rapidly estimated fault model by using GNSS (Global Navigation Satellite
System). A GNSS fault model is based on crustal deformation data which are continuously
observed by means of the positioning system of satellites. Since a GNSS fault model is
estimated by using permanent deformation, estimation can be completed rapidly, such as
10 minutes or less after earthquake occurrence. It is also a distinctive feature that a fault
geometry is estimated simultaneously with the earthquake magnitude and the position of a
focus.
This study investigates applicability of GNSS fault models as tsunami source models
by comparing simulation results with field survey data of the 2011 Tohoku-oki tsunami.
Although reproducibility of GNSS models turned out to be insufficient in terms of extraor-
dinary tsunami height observed in the coast of Sanriku region, GNSS models succeeded in
reproducing coastal tsunami height generally in extensive areas in the Pacific coast of Japan.
Moreover, this study develops and proposes a method for setting a complex distribution of
water surface as an initial condition for tsunami propagation and inundation simulation. The
v
method approximately represents a GNSS fault model that deals with heterogeneous slip
distribution on a fault plane by many triangular sub-faults as a set of rectangular sub-faults.
The newly-developed model, which is efficient in tsunami inundation simulation for wide
areas, is named? Real-time Tsunami inundation (RTi) model?As a case study of real-
time tsunami simulation by the RTi model for an area as wide as a tsunami forecast region,
tsunami inundation simulation with a 10-meter grid resolution within 10 minutes for the
700 kilometers long entire coastline of Kochi Prefecture is conducted. The results show
that the RTi model is over 10 times as more efficient as the conventional tsunami model
with the rectangular domains. Since it takes three times as many computational resources
as all the SX-ACE at Tohoku University with the conventional model, improvement in the
model efficiency by more than 10 times indicates feasibility of nation-wide real-time tsunami
inundation forecast.
There is a trade off among numerical precision, required time, and deployed computa-
tional resources. Considering various use cases, therefore, computational resources required
for real-time tsunami inundation simulation for the entire Nanaki Trough region have been
estimated at the multiple resolutions of 30 m, 90 m and 270 m in addition to 10 m.
The last part of this thesis gives a brief summary of the function of tsunami damage esti-
mation, which has been enabled by the RTi model and incorporated in the Disaster Informa-
tion System operated by Cabinet Office of Japanese Government, which can be regarded as
a case study of real-time tsunami inundation forecast including a rapidly estimated tsunami
source model based on GNSS.
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????????????????? TUNAMI (Tohoku University Numerical Analysis













































































M2 + N2 = 0. (2.3)
????η???? h???????????D?????????????D = h+ η
???????????????????????????????????????
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SX-ACE??4???????? 1?????? 276 Gflop/s??????????
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(a) 2D MPI Decomposition
(Coarse in the Inner Loop)
(b) 1D MPI Decomposition
(Uneven-spacing)






































































































































????????????????? TUNAMI (Tohoku University Numerical Analysis
Model for Investigation of tsunamis)?????????????????????
?????????????????????????????????????
???????????????????–3.1 (b)????????????????


























































































































































































































































































































?– 3.4 ???????????????? 90 m??????????
2430 m???? 90 m????? 4???????????????????1?4?9?
52?? 66?????????? 4,900?????????? 0.5?????WGS84
???? UTM53??????????
?– 3.5 ???????????????? 270 m??????????
2430 m???? 270 m????? 3???????????????????1?4?







XDM = MM(I-1,J,1)*MM(I-1,J,1)/DM(I-1,J,1) #F1
IF(DZ(I-1,J)<GX) XDM = 0.0




XM = XM - RX*(MM(I,J,1)*MM(I,J,1)/DM(I,J,1)-XDM)
END IF                                                              #F2
ELSE
IF(DM(I+1,J,1)>=GX)THEN
XDM = MM(I+1,J,1)*MM(I+1,J,1)/DM(I+1,J,1) #F1
IF(DZ(I+2,J)<GX) XDM = 0.0




XM = XM - RX*(XDM-MM(I,J,1)*MM(I,J,1)/DM(I,J,1))






WDZ02 = DZ(I  ,J)










XDM = WM01 * WM01 / WDM01  #F1
END IF





















?– 3.9 ????? 30 m??????????




































???V & V (Verification & Validation)???????????????Verification
??????????????????????????????????????

































































???? 2.6??????????? 1?????????? ∆t?????
????? 1????????????????????????????
???????????????



























































































































































































































?????????????????????? RMS (normalized Root Mean Square
deviations)??????????????????????????????????
73
?????????????????? n??? ζoi ???????????
ζomax = max
{


































0 if ζomin ≤ ζmave ≤ ζomax,(

















x???????????????????? d????????? β =arccot (19.85)
?????????????????????????????? L???????
??????????????? H??????????????H/d = 0.019??
?????????????? x = 0??????????????????????















??????????????X1 = X0 + L????1?????????? η(x, 0)?
??????? u(x, 0)???????? g???????????????54)?













???????????????????? τ = √d/g?????????? t/τ =





?????????????????????d = 0.3 m??????????FDM?
?????????∆x??????Goto & Shuto31)??? α???????????
??????????????????
∆x/αgT 2 ≤ 4.0 × 10−4, (4.14)
???????????????????? T ???????? L?? 2.65????
?????????????????? ∆x ∼ 1.4 × 10−3 m????????????
???? d?????????????????? d? 300???????????











































???20)????????????????????? τ = √d/g????????








???????? H/d = 0.0185????????????????????????
???????????????–4.14?????????????????????
















?–4.6????????????? 60????MAX? 22.1 %????????
???????????????????????????????????????
???????????????????????????? H/d????????


























??????????–4.16 (a)??????????????25 m × 28.2 m???
??????????????????? d = 0.32 m??????????????
























??????? 4.14?????????B?????????? T ? 3???????
????????? 0.01 m???????????????–4.16 (a)???????
???????????? ∆x = 0.01 m???????–4.16 (b)?????????





? ∆t????????????????????????A?? 2.0 × 10−3????





























?????????????????????? B???????????? 8 % –
50 %??????????????????????????20)?????????
??????????????????MAX??4 % – 19 %???????????











???MAX??? 10%?????–4.3???????RMS? 17.7 %???????
??????? A???? B?? RMS????????????????????
?????????????? 13 % – 24 %?13 % – 25 %??????????20)?3






























































































??? ERR=0???????????????????????????? 5.5 %?
????????????????????Monai????????????????
31.70 m??????????????????????????? 17.98 m?????
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Name Category ErrorThreshold Description
BP #1 AnalyticalSolution 5% Single Wave on a Simple Beach
BP #4 Laboratory
Experiment 10% Solitary Wave on a Simple Beach
BP #6 Laboratory
Experiment 10% Solitary Wave on a Conical Island
BP #9 Field
Measurement
20% Okushiri Island Tsunami
?– 4.4 ???????? #1????????????
????? 5%??–4.3????????????
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?– 4.6 ???????? #4????????????
????? 10%??–4.3?????????
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?– 4.7 ???????? #6???????????? (1)?
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?– 4.8 ???????? #6???????????? (2)?
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?– 4.10 ???????? #6?????????????
RMS??????????? 10%??–4.3?????????
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?– 4.12 ???????? #9?????????????
ERR?????? 20%??–4.3?????????
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?– 4.15 ???????? #4????????
?????????? 30, 40, 50, 60, 70?????????????
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?– 4.18 ???????? #6???????? (1)?















































































































?– 4.19 ???????? #6???????? (2)?




























































































































?– 4.20 ???????? #6???????? (3)?
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????????????????????????????? L? 12 km



























































??????????????5.2.1?????????? L ≃ 12 km???????


























?????????? 200 m???????? 2,482?????





All 1.27/1.60/2475 2.16/1.85/2449 1.01/1.53/2479
1. Hokkaido 1.37/1.36/190 1.70/1.35/167 0.99/1.37/194
2. Aomori 1.13/1.53/168 1.75/1.69/165 0.77/1.36/168
3. Iwate 1.74/1.54/967 3.17/1.88/967 0.94/1.38/967
4. Miyagi 0.93/1.43/486 1.35/1.46/486 0.76/1.42/486
5. Fukushima 0.85/1.57/159 1.32/1.63/159 1.12/1.57/159














??????????1?????????? 15.2 m?Mw 8.7??????????





































































TUNAMI (Tohoku University Numerical Analysis Model for Investigation of tsunamis)??






??HPCI (High Performance Computing Infrastructure)???????????????















































































??????????? 21??? 10?????????? SX-ACE?????? 2?
???????????????????????????????? 10 m????









































??? 270 m??????????? 3????????????????–3.5?
???????
????? 270 m????????? 10???????????????????












































































    
 
   
 
 
   

        
  !    
 
  "!     
 "#$   
    
 %&'()*+   
 
   
 ,-	#$  
 
    

 ./0  
     

 123   
    
 3  
 
    
 4	   
    
 56  
 
    
 7'()*+   
    
 781*+ 
  
    
 9	  
 
    
 :   
    
 .;'()*+       
 .;<=>?*+       
 @A       

 BC	D$  
    
 
 EFGHI   



















??? TUNAMI (Tohoku University Numerical Analysis Model for Investiga-



























????????? SX-ACE? 24 %??????????????????????
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